In the past decade, rapid tests have become widely accepted for use in the diagnosis of and screening for infectious diseases in both developed and developing countries. Several rapid tests for antibodies to human immunodeficiency virus (HIV) have demonstrated performance levels similar to those of enzyme immunoassays (EIAs) and are approved by the U.S. Food and Drug Administration (FDA) and for the CE mark by the European Union (5, 9, 10, 11, 17) . However, no approved rapid test for hepatitis B virus surface antigen (HBsAg) is currently available in the United States or Europe, because the sensitivity level required by the regulatory authorities has not been met.
In developing countries, rapid tests provide a flexible, technically undemanding, and relatively inexpensive approach to diagnostic testing. Rapid tests, in general, are simple to perform, do not require equipment, and are easy to interpret. Furthermore, their reagents can generally be stored at room temperature. In developing countries, where most blood is collected in small hospital-based facilities with a turnover of fewer than 10,000 units per year (70% of blood banks in subSaharan Africa), rapid tests for antibodies to HIV, for HBsAg, or for antibodies to hepatitis C virus contribute substantially to the safety of the blood supply (3) .
Most rapid tests for the detection of antigens have a relatively low level of analytical sensitivity compared with those of EIAs (16, 18) . Rapid tests for HBsAg have not performed as well as standard EIAs (3); none of the 33 HBsAg rapid tests currently available commercially (15) have met the performance requirements for FDA approval or CE marking (7, 8) . The major challenge for HBsAg rapid tests is to detect the low levels of the target antigen that are present in a relatively high proportion of asymptomatic blood donors and thereby to achieve a clinical sensitivity similar to that of EIAs. One commercially available rapid assay (Determine HBsAg; previously from Abbott Laboratories; now from Inverness Biomedical Innovations) is widely used because of its higher sensitivity and excellent specificity compared with those of other available assays.
The aim of the present study was to evaluate a high-performance HBsAg rapid test (DRW-HBsAg) newly developed by Diagnostics for the Real World (Europe) Ltd. based on the signal amplification system (SAS) (12; H. H. Lee, H. Y. Hu, and L. Huang, November 2000, United Kingdom patent appli-cation PCT/GB01/05325). SAS technology enhances the sensitivity of rapid tests by amplifying the visual signal, an effect that is achieved as a result of an increased valence and size of the colored immune complex. The analytical and clinical sensitivities, as well as the specificity, of the DRW-HBsAg test were evaluated in comparison with those of the Determine HBsAg test. The performance of both assays was assessed by using a CE-marked HBsAg EIA (Hepanostika HBsAg Ultra; BioMérieux) as the gold standard. Field studies were performed to evaluate the performance of the new rapid test in settings with a high endemicity of hepatitis B virus (HBV) infection.
MATERIALS AND METHODS
Specimens and panels. The following specimens and panels were tested to evaluate the analytical sensitivity or specificity of the DRW-HBsAg test.
(i) WHO standard. The World Health Organization (WHO) HBsAg standard (subtype adw2, genotype A; NIBSC code number 03/262) was obtained from the National Institute for Biological Standard Control (NIBSC; Potters Bar, United Kingdom) and was tested in a series of fourfold dilutions (8.25, 2.06, 0.52, and 0.13 IU/ml) prepared from a stock of 33 IU per vial.
(ii) Serial dilutions of spiked panels. The second WHO-designated international standard for HBsAg (subtype adw2, genotype A; NIBSC code number 00/588; 33 IU per vial) was used to estimate the concentration of HBsAg for in-house sensitivity panels. Serial dilutions of plasma specimens positive for ad or ay subtypes of HBsAg were prepared with a pool of citrate-treated HBsAgnegative plasma (Life Therapeutics, Clarkston, GA) as the diluent. The HBsAg concentrations (in international units per milliliter) of the in-house panels were determined by an EIA (Hepanostika HBsAg Ultra; BioMérieux) and standardized relative to the second WHO-designated international standard.
(iii) Sensitivity panels and seroconversion panels. The HBsAg sensitivity panels PHA206 and PHA808 (Boston Biomedica Inc.
[BBI], West Bridgewater, MA) were used to estimate the analytical sensitivity of the DRW-HBsAg assay. The HBsAg mixed-titer performance panel PHA206 consists of a set of 23 specimens with reactivities in commercial screening tests ranging from weakly to strongly positive. The HBsAg sensitivity panel PHA808 consists of 10 ad and 10 ay subtype specimens with HBsAg concentrations ranging from 0.71 to 0.02 and from 0.67 to 0.02 IU/ml, respectively. Eight seroconversion panels (PHM907, PHM909, PHM910, PHM927, PHM928, PHM929, PHM932, and PHM935; BBI), consisting of serial specimens collected at known intervals from individual plasma donors during seroconversion, were also tested. In addition, an HBsAg panel consisting of 10 calibrated members representing all common serotypes was obtained for testing from the Institut National de Transfusion Sanguine (INTS; Paris, France) (14) .
(iv) Clinical specimens. The specificity of the DRW-HBsAg assay was evaluated with fresh surplus EDTA-treated plasma samples (n ϭ 205) from healthy blood donors, obtained at the Blood Center of the Stanford University School of Medicine (Stanford, CA), as well as with frozen EDTA-treated plasma samples from blood donors (n ϭ 54) or pregnant women (n ϭ 50) in Ghana.
HBsAg assays. The DRW-HBsAg assay is a rapid immunochromatographic test for the qualitative detection of HBsAg that is performed manually and has a visual readout. The test is underpinned by the proprietary SAS technology, which improves the sensitivity of antigen detection by increasing the valence of antigen-antibody complexes (12; Lee et al., United Kingdom patent application PCT/GB01/05325). The test consists of a test strip (nitrocellulose membrane) and a single-use tube containing two lyophilized reagent beads. One reagent bead contains a hapten-labeled mouse monoclonal antibody to HBsAg (primary antibody), and the other contains a mouse monoclonal antibody to hapten conjugated to colloidal gold (secondary antibody). Serum or plasma (50 l) is added to the tube, which is then mixed gently before insertion of the test strip. The sample mixture flows up the test strip by capillary action, and the visual result is read after 30 min. In the presence of HBsAg, the primary and secondary antibodies form visible complexes and are immobilized at the test line, which is coated with mouse monoclonal antibodies to HBsAg. The development of a purple line in the test line region indicates the presence of HBsAg in the sample. The absence of a colored test line indicates the absence of HBsAg or its presence at a concentration below the detection limit of the test. Each test strip also incorporates a built-in procedural control for reagent stability and test functionality; if the control line is absent, the test is invalid.
The Determine HBsAg assay (previously from Abbott Laboratories; now from Inverness Medical Innovations, Waltham, MA) was performed and interpreted in accordance with the recommendations of the manufacturer. The Hepanostika HBsAg Ultra (BioMérieux, Lyon, France) EIA was used as the gold standard and was performed as suggested by the manufacturer.
External evaluations. The performance of the DRW-HBsAg rapid test was evaluated at the Beijing Red Cross Blood Center (BRCBC) in China in February and November of 2007 and at the National Blood Transfusion Center (NBTC) in Conakry, Guinea, in February to March 2007. At both sites, the DRW HBsAg rapid test and the Determine HBsAg test were performed in parallel and compared with the gold standard EIA.
At the BRCBC, donors are routinely screened with the Wantai HBsAg rapid test (Beijing Wantai Biological Pharmacy Enterprise, Beijing, China) before donation. Blood collected from donors who are negative by the Wantai test is further tested by two EIAs (Hepanostika HBsAg Ultra [BioMérieux, Lyon, France] and a locally produced HBsAg EIA from InTec Products, Inc., Xiamen, China). The sensitivity of the DRW and Determine HBsAg rapid tests was evaluated with two panels of selected low-titer HBsAg-positive samples that tested negative by the Wantai HBsAg rapid test but positive by EIA: a quality control (QC) panel and a mixed-titer panel. The QC panel routinely used at the BRCBC for test performance evaluation consists of 20 citrate-treated plasma specimens with an HBsAg concentration ranging from 0.6 to 8.4 IU/ml as determined by EIA (BRCBC and DRW, unpublished data). The mixed-titer panel is a collection of 126 citrate-treated plasma specimens assembled by the BRCBC. The specificities of the DRW and Determine HBsAg rapid tests were evaluated with surplus random citrate-treated plasma specimens (n ϭ 498) that had tested negative by the Wantai HBsAg rapid test and the two EIAs routinely used at the BRCBC.
A second BRCBC field study was performed with 500 random blood donor serum specimens (485 negative, 15 positive) that had not been prescreened by the Wantai HBsAg rapid test and 171 clinical specimens confirmed to be positive for HBsAg by the reference EIA (Hepanostika HBsAg Ultra). At the NBTC in Conakry, Guinea, 491 surplus EDTA-treated plasma samples (399 negative, 92 positive) were tested by the DRW and Determine HBsAg rapid tests and one reference EIA (Hepanostika HBsAg Ultra). In addition, 88 stored serum specimens positive for HBsAg by EIA were tested at this site.
Statistical analysis. The analytical sensitivities of the DRW and Determine HBsAg tests were compared with dilutions of an HBsAg standard, HBsAgpositive plasma samples, and sensitivity panels. The detection limit was defined as the highest dilution (or lowest HBsAg concentration) that could be detected visually by testing the sample in triplicate, with at least two replicates testing positive. The sensitivities of the rapid tests were also determined from the first samples of eight seroconversion panels that tested positive. The Wilcoxon rank test was used to determine the significance of the difference between the number of days until the first positive results for the two tests (19) . The clinical sensitivity of each rapid test was calculated as the number of positive test results divided by the total number of HBsAg-positive samples as determined by EIA. Specificity was calculated as the number of negative test results divided by the total number of HBsAg-negative samples as determined by EIA. The 95% confidence intervals (CI) for sensitivity and specificity were calculated. Differences in clinical sensitivity or specificity between the two rapid tests were evaluated with McNemar's test for correlated proportions. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
In-house evaluation of the DRW-HBsAg rapid test. The performance of the DRW-HBsAg test was first assessed inhouse with an HBsAg standard, commercial panels, and stored samples from previous studies and was compared with that of the Determine HBsAg test, conducted in parallel. The detection limit of the DRW-HBsAg test was 0.2 to 0.5 IU of HBsAg/ml irrespective of the serotype (Table 1 ). In contrast, the Determine HBsAg test had a detection limit of 2.0 to 3.5 IU/ml when evaluated with two in-house HBsAg sensitivity panels, the WHO HBsAg standard, and the PHA206 mixedtiter performance panel, and it failed to detect ad or ay subtypes of HBsAg in the PHA808 sensitivity panel. Testing of a serotyped and genotyped sensitivity panel from INTS showed that the sensitivities of the DRW and Determine HBsAg rapid tests ranged from 0.15 to 0.8 IU/ml and from 1.6 to 8 IU/ml, respectively ( Table 2) .
Testing of eight commercial seroconversion panels revealed that the DRW-HBsAg test detected HBsAg 6.1 Ϯ 1.9 days earlier (mean Ϯ standard error of the mean; range, 3 to 8 days; P ϭ 0.0078) than the Determine HBsAg test (Fig. 1) . In most instances, this difference corresponded to the detection of HBsAg one serial sample earlier by the DRW test than by the Determine HBsAg test.
The specificity of the DRW-HBsAg test was evaluated with EDTA-treated HBsAg-negative plasma specimens from random blood donors in the United States (n ϭ 205) and Ghana (n ϭ 54) as well as from pregnant Ghanaian women (n ϭ 50). The specificity of the DRW-HBsAg test ranged from 96 to 100% for these specimen sets, with an overall value of 98.7% (data not shown).
Field evaluation of the DRW-HBsAg rapid test. The performance of the DRW-HBsAg rapid test was also assessed by independent collaborators using samples collected in developing countries with high prevalences of HBV infection. The test was performed with either fresh or frozen specimens.
Test sensitivity was evaluated with two panels of selected low-titer HBsAg-positive samples from the BRCBC previously identified as nonreactive with the Wantai HBsAg rapid test but as reactive with two different EIAs: (i) an HBsAg mixed-titer panel consisting of 126 plasma samples and (ii) an HBsAgpositive panel consisting of 20 plasma specimens with HBsAg concentrations ranging from 0.6 to 8.4 IU/ml (BRCBC and DRW, unpublished), which is routinely used at the BRCBC as a QC panel. With the mixed-titer HBsAg-positive panel, the DRW-HBsAg test detected all 126 samples (sensitivity, 100%) whereas the Determine HBsAg test detected 110 samples (sensitivity, 87.3%) (P Ͻ 0.0001) ( Table 3 ). The DRW-HBsAg rapid test detected all 20 members of the QC panel (sensitivity, 100%), whereas the Determine HBsAg test detected only 3 of these samples (sensitivity, 15%) (P Ͻ 0.0001) ( Table 3 ). The relations between the signal intensity for the two rapid tests and the concentration of HBsAg in the 20-member QC panel are shown in Fig. 2 . None of the samples containing HBsAg at Ͻ4 IU/ml was detected by the Determine HBsAg test.
Another group of 186 HBsAg-positive specimens (171 from hospital patients and 15, showing EIA reactivity, from blood donors [out of 500 randomly selected blood donor specimens]) was tested at the BRCBC (Table 4) . Compared with the EIA, the sensitivities of the DRW and Determine HBsAg rapid tests with these specimens were 99.46 and 98.92%, respectively.
At the NBTC in Conakry, Guinea, 88 stored HBsAg-positive samples and 92 blood donor samples positive for HBsAg by EIA (out of 491 random blood donor samples) were tested. Of the total of 180 HBsAg-positive samples detected by EIA, 174 and 170 were reactive with the DRW and Determine HBsAg rapid tests, respectively, giving sensitivities of 96.66 and 94.44%, respectively ( Table 4 ). The signal/cutoff ratios determined by EIA for the 6 and 10 samples not detected by the FIG. 1 . Comparison of the sensitivities of two rapid tests, the DRW and Determine HBsAg tests, in detecting acute HBV infection during seroconversion. Seroconversion panels from BBI (West Bridgewater, MA) were used. The day during seroconversion on which HBsAg was first detected by each test is shown for eight panels. On average, the DRW-HBsAg test detected HBsAg 6.1 Ϯ 1.9 days earlier (mean Ϯ standard error of the mean; range, 3 to 8 days; P ϭ 0.0078) than the Determine HBsAg test. (Table 3) . Testing of a group of 500 random blood donor specimens (485 negative, 15 positive), which were not prescreened by the Wantai rapid test at the BRCBC, revealed the specificities of the DRW and Determine HBsAg rapid tests to be 99.18 and 100%, respectively (Table 4) . At the NBTC in Conakry, Guinea, testing of 491 random blood donor specimens revealed that all 399 samples that were negative by EIA were also negative by the two rapid tests, yielding a specificity of 100% for each test (Table 4) .
DISCUSSION
The rapid tests that are currently available for the detection of HBsAg range in clinical sensitivity from 50 to 94% relative to EIA results depending on the technology on which they are based (2) . Even those rapid tests based on lateral-flow technology, which appears to be the most sensitive format, do not achieve a sensitivity for HBsAg of 1 IU/ml (3, 18) . The results of the present study now show that the newly developed DRWHBsAg rapid test had an analytical detection limit between 0.2 and 0.8 IU/ml depending on the serotype, values that are similar to those for some HBsAg EIAs currently in use for diagnostic and blood screening purposes (13) . This level of sensitivity was substantially greater than that observed with the Determine HBsAg rapid test, performed in parallel. The difference in sensitivity between these two rapid tests was also apparent from the results of testing of seroconversion panels, with the DRW test shortening latency to detection by 6.1 days.
Independent field studies performed in China and Guinea, two countries with high prevalences of chronic infection with HBV of different genotypes (genotypes B and C in China, genotype E in Guinea) (4), further highlighted the greater sensitivity of the DRW-HBsAg rapid test compared with the Determine HBsAg rapid test. Rapid tests and EIAs are routinely used for HBsAg screening in both countries. At the BRCBC, blood donors are routinely prescreened with a locally manufactured HBsAg rapid test (Wantai). Despite its apparent relatively low analytical sensitivity, the Wantai HBsAg rapid test identifies most HBsAg carriers with a clinical sensitivity of 98.39% (package insert, 2004). This relatively low level of performance is overcome after blood is collected by retesting with EIAs. Potential donors whose samples are reactive with the Wantai HBsAg test are rejected for donation, and there are no EIA data for these samples. Donor samples negative by the Wantai HBsAg test but positive by EIA constitute a selected population of two panels of low-titer HBsAg-positive specimens (a total of 146 samples), which were tested by the DRW and Determine HBsAg rapid tests for comparison of test sensitivity. The sensitivity of the DRW-HBsAg test was significantly greater than that of the Determine HBsAg test with these two panels. Given the lack of EIA data for the rejected donors, the true total number of positive samples from which the two panels of 146 samples were derived was estimated to be 9,068, with 8,922 reactive to the Wantai HBsAg rapid test on the basis of the claimed sensitivity of 98.39% for the Wantai rapid test relative to EIA. The sensitivities of the DRW and Determine HBsAg tests would thus be 100 and 98.7%, respectively, relative to the estimated true total number of positive samples, assuming that the estimated 8,922 positive samples identified by the Wantai HBsAg rapid test would also be reactive with both the DRW and the Determine HBsAg rapid test.
The difference in sensitivity between the DRW and Deter- mine HBsAg rapid tests was no longer apparent when a group of unselected HBsAg-positive samples from random blood donors and hospital patients was tested at the BRCBC, likely because the frequency of low-level HBsAg positivity is relatively low in China (6) . In Guinea, where HBV genotype E is prevalent, six samples that were reactive with the reference EIA were negative by both the DRW and Determine HBsAg tests, but an additional four EIA-positive samples were detected by the DRW but not by the Determine HBsAg test. Populations of HBsAg-positive blood donors in Guinea and Ghana were previously found to be infected almost exclusively with HBV genotype E, and 65% of these individuals had a viral (HBV DNA) load of Ͻ10,000 IU/ml (2; J.-P. Allain, unpublished data). In contrast, in China, where HBV genotypes B and C are prevalent, viral loads are generally high (Allain, unpublished) . Although the level of HBV DNA is not necessarily correlated with that of HBsAg (1), lower HBsAg concentrations in the Guinean blood donors than in the Chinese blood donors and hospital patients likely explain why the difference in sensitivity between the two rapid tests was apparent in Guinea but not in China. The lack of sufficient sample volume precluded further testing of these specimens. In areas of high HBV endemicity, even a small gain in test sensitivity may translate into a substantial improvement in the level of blood safety (2) .
Although assay sensitivity is the main criterion for HBsAg testing of blood donors or donations in developing countries with high prevalences of HBV infection, test specificity is also important, since it determines the need for result confirmation, and resources for such confirmation may be limited. The specificity of the Determine HBsAg test was slightly higher than that of the DRW-HBsAg test in a field evaluation in China, although the 99.18% specificity level achieved by the DRWHBsAg test is generally considered adequate for regulatory and practical purposes.
In conclusion, our results indicate that the simple, rapid, and highly sensitive DRW HBsAg rapid test is a potentially powerful tool for blood screening and diagnostic testing in resource-limited areas of developing countries as well as in inner-city clinics of developed countries. 
